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What\'s new?A novel method to assess the impact of sensor and other errors on the safety of an artificial pancreas is introduced in which sensor glucose values normally used for control are replaced with near‐perfect minute‐to‐minute glucose values calculated from reference blood glucose values, and errors that reflect infrequent, but expected, events are added to the signal.We show that an artificial pancreas system emulating the β--cell is safe when the correct glucose values, or values 20% lower than correct are used, but that values 33% higher than correct result in control that is too aggressive to be considered safe.

Introduction {#dme12823-sec-0006}
============

There have been significant advances over the past decade in insulin pump and continuous glucose monitors. Improvements in continuous glucose monitors have allowed artificial pancreas (AP) studies to be conducted outside the closely supervised clinic environment [1](#dme12823-bib-0001){ref-type="ref"}, [2](#dme12823-bib-0002){ref-type="ref"}, [3](#dme12823-bib-0003){ref-type="ref"}, [4](#dme12823-bib-0004){ref-type="ref"}, setting the stage for larger outpatient trials. New insulin pumps have also become available that can suspend basal insulin delivery based on a continuous glucose monitor input [5](#dme12823-bib-0005){ref-type="ref"}, but where the sensor glucose (SG) value is not allowed to influence when, or at what rate, the basal delivery is restarted. This reflects ongoing concerns that the sensor value may not be sufficiently accurate to ensure that there is no over‐delivery of insulin [6](#dme12823-bib-0006){ref-type="ref"}.

However, unlike drug development, where it is difficult to predict the risks associated with a new drug, risks related to system or user errors in an AP system can easily be foreseen, and the ability of an AP system to cope with the errors can be evaluated under controlled clinical conditions without putting the patient at significant risk of harm. Of all the putative errors that might lead to harm, sensor calibration error is perhaps most concerning because these errors lead to prolonged periods when sensor glucose reads higher or lower than blood glucose (BG) [7](#dme12823-bib-0007){ref-type="ref"}. Missed or delayed meals also increase the risk of hypoglycaemia, and AP algorithms relying on the user to provide insulin in advance of meals have the added risk that the individual will forget or give an inappropriate bolus. Finally, although many AP algorithms are able to adapt to changes in an individual\'s insulin sensitivity, the adaptation requires time, and it is during this time that the algorithms can be expected to be most unsafe. This is particularly true during instances when algorithms are adapting to an increase in the user\'s insulin sensitivity (S~I~). In this study, we assess whether an AP system emulating the β--cell [8](#dme12823-bib-0008){ref-type="ref"} can safely cope with these challenges. We defined safe control as night‐time blood glucose values between 3.9 and 8.3 mmol/l, and daytime values between 3.9 and 12.3 mmol/l, with the added criteria that there should be no use of supplemental carbohydrates to prevent or treat hypoglycaemia.

Methods {#dme12823-sec-0007}
=======

Experimental procedures {#dme12823-sec-0008}
-----------------------

Participants with Type 1 diabetes were admitted to the Beth Israel Deaconess Medical Center/Harvard Medical School Clinical Research Center (CRC) on three occasions. Participants were asked to arrive at the CRC before 4 p.m. for a scheduled dinner at 6:00 p.m., with glucose levels managed according to usual care pump therapy until 9:00 p.m. At 9:00 p.m., AP control was initiated using an algorithm developed at Boston\'s Children\'s Hospital and Joslin Diabetes Center [9](#dme12823-bib-0009){ref-type="ref"}, [10](#dme12823-bib-0010){ref-type="ref"}, [11](#dme12823-bib-0011){ref-type="ref"}, but with modifications to allow sensor glucose to be replaced with a scaled blood glucose (SBG) value calculated from blood glucose determinations made every 10--15 min with a YSI glucose analyser. Scaling factors (calibration factors) of 0.8, 1.0 and 1.33 were introduced to create conditions analogous to AP control with sensor glucose reading 20% lower than, equal to and 33% higher than blood glucose. For the AP algorithm studied here, this has the same effect as multiplying the algorithm\'s gain -- a determinant of how aggressive the algorithm is -- by the calibration factor, while at the same time dividing the target by the same calibration factor. Asymmetric calibration errors (--20% and +33%) were chosen to yield symmetric errors ( ± 1.67 mmol/l) in target, as described in the Supporting Information. A second blood glucose determination, to be used in instances in which the YSI was unavailable for any reason, was obtained with the point‐of‐care meter normally used by the hospital to manage blood glucose (Abbott Precision Xceed Pro).

A 3‐h initialization period was allowed for the controller to stabilize (9 p.m. to midnight), after which the control was continued through the night (midnight to 8:00 a.m.) and breakfast (8:00 a.m. to 2:00 p.m.). Lunch was served at 2 p.m. to recreate the condition where a meal might be delayed. During the initialization and night intervals, changes in insulin delivery were effected every 15 min as each new blood glucose value became available; during the breakfast interval, changes were effected every minute using extrapolated blood glucose values obtained every 10 min (8--10 a.m.) or 15 min (10--2 p.m.).

Meal content, announcement and timing {#dme12823-sec-0009}
-------------------------------------

Dinner consisted of brown rice, chicken, steamed broccoli and carrots, salad and fruit (83 g carbohydrate). Breakfast consisted of oatmeal, an omelette with cheese and toast (60 g carbohydrate). To create the condition where a meal insulin bolus might be missed, preprandial insulin boluses previously shown to improve control were not given [12](#dme12823-bib-0012){ref-type="ref"}. Supplemental carbohydrate (15 g in juice or tablet) was provided in anticipation of blood glucose falling below 3.33 mmol/l, with the anticipated blood glucose value calculated based on rate‐of‐change since the previous sample. Use of supplemental carbohydrate was treated as identical to having a hypoglycaemic event (blood glucose \< 3.33 mmol/l).

AP algorithm configuration {#dme12823-sec-0010}
--------------------------

Participants were controlled without adjusting for differences in body weight or total daily dose of insulin, creating the condition where a participant\'s S~I~ may have changed rapidly, but with the algorithm not having had sufficient time to identify and adapt to that change. Target glucose was set at 6.67 mmol/l with the expectation that asymmetric calibration errors would lead to symmetric changes in target ( ± 1.67 mmol/l) or fasting glucose (see Supporting Information for details).

Outcomes {#dme12823-sec-0011}
--------

Primary outcome was *a priori* defined as the blood glucose area‐under‐the‐curve (AUC) in the interval 8 a.m. to 12 p.m. (registered ClinicalTrials.gov NCT02065895). Secondary outcomes -- peak postprandial glucose concentration, nadir postprandial glucose concentration, night‐time time‐in‐target range 5.0--8.33 mmol/l and use of supplemental carbohydrate to correct or prevent blood glucose \< 3.3 mmol/l within 15 min -- were used to further characterize control. Repeated instances of supplemental carbohydrate without an intervening blood glucose value \> 3.9 mmol/l were considered a single event. Mean absolute relative difference between blood glucose and the scaled blood glucose used to effect AP control was characterized using standard formulae (100·¦SG -- BG¦/BG) and Clark Error Grid analysis [13](#dme12823-bib-0013){ref-type="ref"}.

Statistical procedures {#dme12823-sec-0012}
----------------------

The study was powered to detect 20% differences in AUC~8--12~ using an estimate of variability obtained from previous data [9](#dme12823-bib-0009){ref-type="ref"}. Outcomes are reported for both scaled blood glucose and blood glucose, recognizing that the two measures are not independent (analysis was performed to assess the impact of using sensor glucose, rather than blood glucose, to report AP outcome metrics). For outcomes assumed to be normally distributed, differences were assessed by repeated measures ANOVA using Sidak\'s correction for multiple comparisons; non‐normally distributed data were assessed using Freidman\'s test. Instances in which a participant was unable to complete all three scheduled visits per protocol were excluded from analysis comparing differences by calibration error, but included in intent‐to‐treat analysis characterizing control without regard for calibration error, as would normally be done in clinical studies where the calibration error would be unknown. Orders of admission were randomized using routines available in Excel. Results are reported as mean \[ ± 95% confidence interval (CI)\], or median \[interquartile range (IQR) or range; minimum maximum\] as appropriate. Power calculations were performed using Nquery v. 2.0; statistical analysis was performed using GraphPad Prism v. 6.

Risk analysis {#dme12823-sec-0013}
-------------

The study was deemed non‐significant risk by the investigators based on the frequency of blood glucose determinations and the use of explicit instructions for providing supplemental carbohydrate. Risk analysis was concurred by the local institutional review board and by the Food and Drug Administration. The protocol was approved by the institutional review board and all participants gave written informed consent.

Results {#dme12823-sec-0014}
=======

Participants {#dme12823-sec-0015}
------------

Consent was obtained from eight participants \[median age 57 (range 40--71) years; median duration of diabetes 47 (range 11--62) years; daily insulin use 35.4 (range 27.0--45.2) units; HbA~1c~ 60 (range 51--68) mmol/mol, 7.7% (range 6.8%--8.4%), all male\]. Technical difficulties during participant 1\'s (S1) first admission (SBG = 1.0·BG) required the admission to be repeated, with the subsequent two admissions (repeat SBG = 1.0·BG and SBG = 1.33·BG) showing blood glucose to increase \> 2.8 mmol/l in multiple 10‐min sample intervals. Based on this observation, the toast was removed from subsequent breakfast meals and the size of remaining meal portions adjusted as needed. Because of scheduling conflicts, S5 was only able to complete the first admission (SBG = 1.33·BG). S6 informed the study team on the morning of admission 2 (SBG = 1.33·BG) that he would be unable to complete breakfast due to an urgent unanticipated issue at work. He was admitted for the night‐time control period and completed admission 3 per protocol. Individual blood glucose and insulin delivery tracing for all available data (intent‐to‐treat) are provided in the Supporting Information. At no point during the study did the YSI glucose analyser fail to provide blood glucose values and at no time was the point‐of‐care meter value used to effect control. A comparison of the YSI and point‐of‐care meter glucose is, however, provided in the Supporting Information.

Per protocol night‐time performance {#dme12823-sec-0016}
-----------------------------------

In the six participants completing all nights per protocol, blood glucose was significantly elevated \[9.23 CI (7.8, 10.6); range 4.89--14.2 mmol/l vs. 6.7 mmol/l target\] on starting AP control (9 p.m.). Following the 3‐h controller initialization period blood glucose remained at or near target (Fig. [1](#dme12823-fig-0001){ref-type="fig"}a); 6 a.m. fasting scaled blood glucose was not significantly different from target as the calibration factor was altered (*P* = 0.81; Table [1](#dme12823-tbl-0001){ref-type="table-wrap"}). Blood glucose was not different from levels expected levels at each calibration error (not different from 5.00, 6.67, 8.33 mmol/l for sensors reading 33% higher, equal to and 20% lower than blood glucose; dashed lines Fig. [1](#dme12823-fig-0001){ref-type="fig"}b; fasting values not different from expected value; Table [1](#dme12823-tbl-0001){ref-type="table-wrap"}% CI). Fasting blood glucose levels were significantly different from each other as calibration error was introduced. Total insulin delivered during the night tended to increase as the calibration factor was changed from 0.8 to 1.33, but this did not achieve statistical significance (*P* = 0.07; Table [1](#dme12823-tbl-0001){ref-type="table-wrap"}).

###### 

Night‐time outcomes. Per protocol analysis on six participants completed on three nights. Sensor value used for control was calculated from the YSI glucose measure, but with the calculation introducing errors either 20% lower than the true value, or 33% higher than the true value

  Sensor error                                              Time in target~70--150~(%)   *P*               Midnight to 6 a.m. (mmol/l)   Supplemental carbohydrate used to correct or prevent hypoglycaemia   P                 Fasting (mmol/l)   *P*     Insulin delivered   *P*
  --------------------------------------------------------- ---------------------------- ----------------- ----------------------------- -------------------------------------------------------------------- ----------------- ------------------ ------- ------------------- ------
  Night‐time outcomes based on scaled blood glucose (SBG)                                                                                                                                                                                                                      
  --20%                                                     100 \[100 100\]              0.3333            6.2 \[5.8 6.9\]               none                                                                 NA                7.3 \[6.0 8.6\]    0.81    5.6 \[4.2 6. 9\]    0.07
  None                                                      100 \[100 100\]              6.5 \[5.8 7.3\]   none                          7.1 \[6.2 7.8\]                                                      6.1 \[4.5 7.6\]                                                  
  +33%                                                      100 \[90 100\]               6.5 \[5.7 7.2\]   none                          7.2 \[6.3 8.0\]                                                      7.0 \[5.4 8.6\]                                                  
  Night‐time outcomes based on blood glucose (BG)                                                                                                                                                                                                                              
  --20%                                                     80 \[54 86\]                 0.0165            7.8 \[7.2 8.6\]               0/0                                                                  0.1005            9.1 \[7.5 10.7\]   0.001   5.6 \[4.2 6.9\]     0.07
  None                                                      100 \[100 100\]              6.5 \[5.8 7.3\]   0/0                           7.1 \[6.2 8.0\]                                                      6.1 \[4.5 7.6\]                                                  
  +33%                                                      88 \[87 100\]                4.9 \[4.3 5.5\]   3/2                           5.4 \[4.8 6.0\]                                                      7.0 \[5.4 8.6\]                                                  

E, number of events; S, number of subjects.

John Wiley & Sons, Ltd

![Per protocol analysis (a) Average SG obtained with a PID‐AP control algorithm in which the glucose value used for contol (SG) was 1/3 higher than BG (green line), equal BG (red line), or 20% lower than BG (blue line); dashed line indicates target. (b) Same results reported as BG; dashed lines indicate expected BG values. All results reported mean±sem.](DME-33-235-g001){#dme12823-fig-0001}

All blood glucose values were within the target range when scaled blood glucose was equal to blood glucose. When scaled blood glucose was set lower or higher than blood glucose, 100% of scaled blood glucose values remained in target, but only 50% of the participants continued to be reported as having 100% of blood glucose values in target range (Table [1](#dme12823-tbl-0001){ref-type="table-wrap"}). With scaled blood glucose reading 20% lower than blood glucose, median time‐in‐target was 80%. With scaled blood glucose 33% higher than blood glucose, supplemental carbohydrate to prevent or treat hypoglycaemia was required on two occasions (two of six participants). All interventions were based on blood glucose values with scaled blood glucose, representing sensor glucose with calibration error, never fell below 4.5 mmol/l and was never predicted to fall below 3.33 mmol/l.

Intent‐to‐treat night‐time performance {#dme12823-sec-0017}
--------------------------------------

Combining all data from all participants at all calibration factors yielded 21 nights of data (see Supporting Information Figs S1--S3 for individual subject responses profiles at each of the 3 calibration errors). Median IQR was within the target zone throughout the night, irrespective of whether blood glucose or scaled blood glucose was used to calculate outcomes, but scaled blood glucose reported better performance (tighter control; Fig, 2; blue versus green shading). A histogram of all individual blood glucose and scaled blood glucose values (Fig. [2](#dme12823-fig-0002){ref-type="fig"}b) likewise showed better AP performance when scaled blood glucose was used to calculated time‐in‐target (95% vs. 85% for blood glucose). Supplemental carbohydrates were not needed for any night during which scaled blood glucose was lower than blood glucose, were required on one night with scaled blood glucose equal to blood glucose (3--4 h after control was initialized) and three nights when SBG = 1.33 BG (two of the three nights occurring 4--5 h after control was initialized). In all but one instance, the AP system was unaware that the blood glucose was anticipated to fall below 3.33 mmol/l.

![Intent to Treat analysis (all subjects). (a) Median IQR of all nighttime blood glucose (BG) and "SG" values. SG=0.8, 1.0, and 1.33 times BG. Dashed line at 6.67 mmol/l indicates target; dashed lines at 5.05 and 8.33 mmol/l indicate target range. (b) same data without regard for time‐of‐night.](DME-33-235-g002){#dme12823-fig-0002}

Per protocol meal performance {#dme12823-sec-0018}
-----------------------------

AUC~8a--2p~ (primary outcome) for the five participants completing all breakfast meals per protocol differed significantly when a calibration error was introduced (Table [2](#dme12823-tbl-0002){ref-type="table-wrap"}; *P* = 0.0011), with the highest AUC~8a--2p~ observed when the scaled blood glucose value used for control was 20% lower than blood glucose \[66.776 (95% CI 53.2--80.3) mmol/l/h\], and the lowest AUC~8a--2p~ was observed when the scaled blood glucose value was 33% higher than blood glucose \[37.4 (33.4 41.5) mmol/l/h\]. Calibration errors leading to scaled blood glucose readings higher or lower resulted in AUC~8a--2p~ values significantly different from that obtained with the correct calibration \[AUC = 48.8 (41 56.4) mmol/l/h\]. Fasting, postprandial peak and postprandial nadir blood glucose levels also differed significantly (Table [2](#dme12823-tbl-0002){ref-type="table-wrap"}; *P* \< 0.05 all), with the peak postprandial value significantly higher than the maximum deemed acceptable when the scaled blood glucose was reading 20% lower than blood glucose (Table [2](#dme12823-tbl-0002){ref-type="table-wrap"}; maximum acceptable: 12.2 mmol/l). Nadir glucose was not different from the pre‐specified minimum of 3.9 mmol/l at any calibration error. Insulin delivered in response to the meal did not differ significantly as calibration error was introduced (Table [2](#dme12823-tbl-0002){ref-type="table-wrap"}; *P* = 0.29).

###### 

Meal response outcomes. Per protocol analysis on five particiapnts completing closed‐loop control with all three calibrations

  Calibration error                                   AUC~8--2~ (mmol/l/min)   *P*                  Peak (mmol/l)        *P*      Nadir (mmol/l)      *P*      Supplemental carbohydrate used to correct or prevent hypoglycaemia            Insulin delivered   *P*
  --------------------------------------------------- ------------------------ -------------------- -------------------- -------- ------------------- -------- -------------------------------------------------------------------- -------- ------------------- ------
  Meal outcomes based on scaled blood glucose (SBG)                                                                                                                                                                                                              
  --20%                                               53.4 \[42.6 64.2\]       0.4343               11.3 \[10.2 12.4\]   0.0205   6.6 \[5.6 7.5\]     0.0174   none                                                                 NA       8.8 \[6.9 10.6\]    0.29
  None                                                48.8 \[41.1 56.4\]       11.8 \[9.8 14.0\]    4.8 \[3.7 6.5\]      2/1      11.3 \[8.2 14.4\]                                                                                                              
  +33%                                                49.8 \[44.4 55.3\]       13.3 \[11.3 15.4\]   4.5 \[3.8 5.2\]      none     11.3 \[6.7 15.7\]                                                                                                              
  Meal outcomes based on blood glucose (BG)                                                                                                                                                                                                                      
  --20%                                               66.8 \[53.3 80.3\]       0.0011               14.1 \[12.7 15.5\]   0.0059   8.2 \[7.1 9.3\]     0.0001   none                                                                 0.0052   8.8 \[6.9 10.6\]    0.29
  None                                                48.8 \[41.1 56.4\]       11.8 \[9.8 14.0\]    4.8 \[3.2 6.5\]      2/1      11.3 \[8.2 14.4\]                                                                                                              
  +33%                                                37.4 \[33.4 41.5\]       10.1 \[8.5 11.6\]    3.4 \[2.9 4.0\]      8/5      11.3 \[6.7 15.7\]                                                                                                              
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Intent‐to‐treat differences between the glucose value used to effect control and true blood glucose {#dme12823-sec-0019}
---------------------------------------------------------------------------------------------------

Introducing fixed calibration errors of --20% and +33% resulted in scaled blood glucose having a mean absolute relative difference of 18.8% (see Supporting Information Figure S4, left panel). This error included both the error in calibration and the error due to delays inherent in extrapolating blood glucose samples obtained every 10 to 15 min. Mean absolute relative difference between blood glucose obtained from the bedside hospital meter and bedside YSI analyser was 6.5%, with differences sufficient to generate sensor calibration errors of +33% occurring in 3 of 1503 paired samples, and differences sufficient large to generate errors of --20% occurring in 2 of 1503 paired samples (see Supporting Information Figure S4, right panel).

Discussion {#dme12823-sec-0020}
==========

AP studies often have power to show improvements in control during frequent events such as meals or sleep, but lack power to characterize control during infrequent events such as sensor calibration errors that might result in serious hypo‐ or hyperglycaemia. To characterize control during these events, at‐home studies need to be conducted over long periods and in large numbers of participants. For example, if the point‐of‐care meter values obtained here had been used to calibrate an otherwise perfect sensor once per day, the sensor would be expected to read 33% higher than the blood glucose measured with the YSI on 3 of 1503 days. This suggests that \~ 500 patient‐days would be needed before the effect of the error on the breakfast meal could be expected to be characterized in even one participant. To obtain the response in six participants, as was done here, would require six participants to be studied for well over a year, with the added risk that the hypoglycaemia might go undetected. This highlights the advantages of inpatient AP studies, in which virtually any putative high‐risk factor can be assessed using small numbers of participants studied over brief periods. The number of participants, and the time needed being determined by the incidence rates and magnitude and variability of risk factor introduced, which can be set at the discretion of the study investigators.

We used this approach to characterize how our AP algorithm would behave during instances when the glucose value used by the algorithm to effect insulin delivery was incorrectly calibrated, the user fails to provide a pre‐meal insulin bolus, the subsequent meal (lunch) is delayed, and the algorithm is unaware of any recent change in insulin requirement [9](#dme12823-bib-0009){ref-type="ref"}, [10](#dme12823-bib-0010){ref-type="ref"}. Our night‐time results showing a median blood glucose concentration of 6.39 mmol/l, with 85% of values between 5.00 and 8.33 mmol/l, and only one instance in which blood glucose was even anticipated to fall below 3.33 mmol/l despite the fact that introducing errors in calibration should alleviate many of concerns related to the use of an AP system at night. However, care should be taken in interpreting the results, as the differences in S~I~ within the population were not as large as we might have liked, with the total daily dose of insulin only varying from 27.0 to 45 U/day. The low range was likely due to the small number of participants studied. This, combined with the limited duration, also limits our ability to establish a narrow confidence interval around the estimated per night incidence rate of hypoglycaemia, which if we allow one additional hour for initialization was 1/21 nights (4.8%, 95% CI 0--24%).

However, our daytime data clearly showed that the algorithm was not robust to calibration errors during the postprandial period. More than 50% of participants (five of eight) required supplemental carbohydrates in the 5--6--h interval following breakfast when scaled blood glucose was set 33% higher than blood glucose. Of particular concern was that in every instance, the AP system was unaware of the immediate risk of hypoglycaemia, because the scaled blood glucose level never fell below 4.5 mmol/l and no value was ever predicted to fall below 3.33 mmol/l (see individual tracings, Supporting Information). We believe this result to be relevant to AP systems that rely on glucagon to prevent hypoglycaemia [2](#dme12823-bib-0002){ref-type="ref"}, because they count on the sensor being able to detect impending or acute hypoglycaemia. Our results also highlight a limitation to outpatient studies using sensor glucose to report outcomes, as these instances might never be reported, thereby biasing the results in favour of the AP. This bias was evident in every endpoint reported in this study, with sensor glucose consistently reporting better performance than was actually achieved based on blood glucose. Our prior studies of insulin delivery in the ICU [11](#dme12823-bib-0011){ref-type="ref"}, [14](#dme12823-bib-0014){ref-type="ref"}, [15](#dme12823-bib-0015){ref-type="ref"} and in ambulatory participants with Type 1 diabetes [9](#dme12823-bib-0009){ref-type="ref"}, [10](#dme12823-bib-0010){ref-type="ref"}, [12](#dme12823-bib-0012){ref-type="ref"}, [16](#dme12823-bib-0016){ref-type="ref"}, [17](#dme12823-bib-0017){ref-type="ref"} have all reported sensor glucose to overestimate blood glucose in the low range and underestimate values in the high range, as identified by regression analysis [18](#dme12823-bib-0018){ref-type="ref"}. This characteristic can be expected to inflate AP performance both in the high and low glucose range. It is possible that these characteristics are changing or that sensor glucose values might be adjusted using advanced stochastic methodology [19](#dme12823-bib-0019){ref-type="ref"}, [20](#dme12823-bib-0020){ref-type="ref"}.

It is not clear whether the results obtained with the AP algorithm studied here will be applicable to systems relying on alternate approaches and algorithms [8](#dme12823-bib-0008){ref-type="ref"}. For example, model predictive control algorithms may be less sensitive to sensor calibration errors. The relative merits of the model predictive control approach vs. the approach used here have recently been debated [21](#dme12823-bib-0021){ref-type="ref"}, [22](#dme12823-bib-0022){ref-type="ref"}; however, it should be expected that any successful approach to closing‐the‐loop (see recent review [23](#dme12823-bib-0023){ref-type="ref"}) will lead to sensor glucose values being at target under fasting conditions. If so, instances in which the sensor glucose reads higher than blood glucose will result in lower than desired blood glucose values. Approaches using insulin boluses to cover meal carbohydrate may also be less reliant on having an accurate sensor; however, instances where the sensor does read higher than blood glucose and the user gives the correct bolus may still increase the risk of hypoglycaemia. In these instances, the starting blood glucose will be lower. Confirming in each system that calibration errors expected to occur do not increase the risk of hypoglycaemia to an unacceptable level seems prudent. Likewise, instances in which the sensor reads lower than blood glucose and the subject forgets to give the pre‐meal bolus should be checked to ensure they do not lead to unacceptable hyperglycaemia. These analyses can potentially be performed using computer simulation models; however, before relying on simulations, investigators should confirm that the simulations produce results consistent with the expected behaviour of the controller or the behaviour observed in prior clinical studies, as differences have been noted [24](#dme12823-bib-0024){ref-type="ref"}. Investigators should also be aware that multiple simulation models have been developed with possibility that different models will yield different results [25](#dme12823-bib-0025){ref-type="ref"}, [26](#dme12823-bib-0026){ref-type="ref"}, [27](#dme12823-bib-0027){ref-type="ref"}, [28](#dme12823-bib-0028){ref-type="ref"}.

In summary, this study failed to demonstrate that the meal response obtained with our AP algorithm is sufficiently robust to sensor calibration error resulting in sensor values 33% higher than the true blood glucose and users forget to administer pre‐meal insulin boluses [9](#dme12823-bib-0009){ref-type="ref"}, [10](#dme12823-bib-0010){ref-type="ref"}. However, our night‐time results show a high percentage of night‐time glucose values in the target range, despite introducing errors in the glucose signal used to effect control. This observation supports the use of such a system at home during the night. Our results indicate that at‐home studies using sensor glucose to quantify outcomes may underestimate hypoglycaemia when the sensor reports values higher than blood glucose are concerning because this introduces bias. The bias may even be greater than that observed here in that point‐of‐care meters used at home are less accurate than those used in a hospital [19](#dme12823-bib-0019){ref-type="ref"}. The problem may be alleviated in part in continuous glucose monitor systems that include algorithms that protect against bad calibration points. Use of continuous glucose monitors to compare different algorithms should also be valid, as the same bias should appear in each algorithm. Overall, our findings suggest that inpatient studies validating mechanisms to ensure patients are safe under high‐risk conditions expected to occur infrequently could proceed in parallel with the closely monitored outpatient studies showing the benefits of these systems.
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###### 

**Figure S1.** Individual tracings (Intent‐to‐treat). Top panel. Blood Glucose (BG; left axis) control achieved after replacing sensor glucose values normally used for control with Scaled Blood Glucose (SBG; right axis) values equal to 0.8 × BG. Bottom panel. Closed‐loop Insulin delivery. Dark grey shading indicates open‐loop control, light grey indicates closed‐loop initialization; dashed lines indicate target (6.7 mmol/L) and hypoglycaemic threshold (3.33 mmol/L); triangle symbols indicate supplemental carbohydrates given in anticipation of BG\<hypoglycaemic threshold. Bottom axis is time of day.

**Figure S2.** Individual tracings (Intent‐to‐treat). Top panel. Blood Glucose (BG; left axis) control achieved after replacing sensor glucose values normally used for control with Scaled Blood Glucose (SBG; right axis) values equal to 1.0 × BG. Bottom panel. Closed‐loop insulin delivery. Dark grey shading indicates open‐loop control, light grey indicates closed‐loop initialization; dashed lines indicate target (6.7 mmol/L) and hypoglycaemic threshold (3.33 mmol/L); triangle symbols indicate supplemental carbohydrates given in anticipation of BG\<hypoglycaemic threshold. Bottom axis is time of day

**Figure S3.** Individual tracings (Intent×to×treat). Top panel. Blood Glucose (BG; left axis) control achieved after replacing sensor glucose values normally used for control with Scaled Blood Glucose (SBG; right axis) values equal to 1.33 × BG. Bottom panel. Closed‐loop insulin delivery. Dark grey shading indicates open‐loop control, light grey indicates closed‐loop initialization; dashed lines indicate target (6.7 mmol/L) and hypoglycaemic threshold (3.33 mmol/L); triangle symbols indicate supplemental carbohydrate given in anticipation of BG\<hypoglycaemic threshold. Bottom axis is time of day.

**Figure S4.** Clarke Error Grid analysis. Left Panel. Error grid for reference YSI Blood Glucose (BG) values versus scaled blood glucose (SBG) values used for control. Mean Absolute Relative Difference (MARD) between SBG and YSI was 18.8%. Right Panel shows error grid for reference YSI Blood Glucose (BG) versus hospital meter. Green symbols indicate meter values that would have resulted in sensor glucose (SG) values reading less than 0.8 times BG; blue symbols indicate meter values that would have resulted in SG values reading greater than 1.33 times BG. MARD YSI versus meter = 6.8%.
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